Aims/hypothesis C-reactive protein (CRP), an acute-phase reactant produced mainly by the liver, is elevated in diabetes, thus contributing to the development and progression of atherosclerosis. However, the molecular mechanism underlying the elevation of CRP in diabetes is not fully understood. Since a crosstalk between AGE and angiotensin II (Ang II) has been proposed in the pathogenesis of accelerated atherosclerosis in diabetes, we examined here whether and how telmisartan, a unique Ang II type 1 receptor blocker (ARB) with peroxisome proliferatoractivated receptor-γ (PPAR-γ)-modulating activity, could inhibit AGE-induced CRP expression in a human hepatoma cell line, Hep3B cells. Methods Protein levels of the receptor for AGE (RAGE) were analysed by western blots. Gene expression was analysed by quantitative real-time RT-PCR. CRP released into the medium was measured with ELISA.
Introduction
Non-enzymatic modification of proteins by reducing sugars, a process that is also known as the Maillard reaction, progresses at an extremely accelerated rate in diabetes, thus leading to the formation of AGE [1] . Recent understanding of this process has revealed that the receptor system for AGE (RAGE) plays a central role in the pathogenesis of diabetic vascular complications such as cardiovascular disease [1] .
C-reactive protein (CRP) is an acute-phase reactant mainly produced by the liver in response to pro-inflammatory cytokines [2] . Numerous studies have shown that CRP is one of the most powerful predictors for future cardiovascular events [2] . In addition, CRP elicits endothelial dysfunction, pro-inflammatory reactions and vascular smooth muscle cell proliferation, thereby directly contributing to the development and progression of atherosclerosis [3] . However, the molecular mechanism for the elevation of CRP in diabetes is not fully understood. Since crosstalk between the AGE-RAGE system and angiotensin II (Ang II) has been proposed in the pathogenesis of accelerated atherosclerosis in diabetes [1] , we examined here whether and how telmisartan, a unique Ang II type 1 receptor blocker (ARB) with peroxisome proliferator-activated receptor-γ (PPAR-γ)-modulating activity [4] , could inhibit AGE-induced CRP production in a human hepatoma cell line, Hep3B cells.
Materials and methods

Materials
Telmisartan and candesartan were generously given by Boehringer Ingelheim (Ingelheim, Germany) and Sankyo Co. Ltd. (Tokyo, Japan), respectively. Troglitazone, ciglitazone and GW9662, an inhibitor of PPAR-γ were purchased from Cayman Chemical (Ann Arbor, MI, USA). Antibody (Ab) directed against PPAR-γ was from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). BSA (fraction V), polymyxin B sulphate, rabbit non-specific serum and curcumin were from Sigma (St Louis, MO, USA). Abs against RAGE and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were purchased from Cell Signaling (Beverly, MA, USA). Rabbit non-specific IgG was from Santa Cruz. IL-6 was from PeproTech Inc. (Rocky Hill, NJ, USA).
Preparation of AGE-BSA AGE-BSA was prepared as described previously [5] . Briefly, BSA was incubated under sterile conditions with D-glyceraldehyde for 7 days. Then unincorporated sugars were removed by dialysis against PBS. Control nonglycated BSA was incubated in the same conditions except for the absence of reducing sugar. Preparations were tested for endotoxin using an Endospecy ES-20S system (Seikagaku Co., Tokyo, Japan); no endotoxin was detected.
Preparation of Abs directed against AGE-BSA Polyclonal Abs directed against AGE-BSA were prepared as described previously [6] .
Preparation of antiserum directed against RAGE Antiserum directed against human RAGE for neutralising assays was prepared as described previously [6] .
Cells
Human hepatoma Hep3B cells were obtained from ATCC (Manassas, VA, USA) and maintained in DMEM supplemented with 10% fetal bovine serum.
Quantitative real-time RT-PCR Hep3B cells were treated with or without 100 μg/ml BSA, 100 μg/ml AGE-BSA or 10 ng/ml IL-6 in the presence or absence of telmisartan for 24 h. Then total RNA was extracted with Trizol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Quantitative real-time RT-PCR was performed using SYBR green reagent (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's recommendation. Primers for CRP and GAPDH were as follows: CRP forward primer, 5′-CCCTGAACTTTCAGCCGAATACA-3′; CRP reverse primer 5′-CGTCCTGCTGCCAGTGA TACA-3′, GAPDH forward primer, 5′-TGCACCACCAA CTGCTTAGC-3′; GAPDH reverse primer 5′-GGCATGG ACTGTGGTCATGAG-3′. The forward and reverse primers used for RAGE mRNA detection were 5′-GCTGGAATGG AAACTGAACACAGG-3′ and 5′-TTCCCAGGAATCTGG TAGACACG-3′, respectively.
Western blot analysis
Proteins were extracted from Hep3B cells with lysis buffer, and then separated by SDS-PAGE and transferred to nitrocellulose membranes as described previously [5] . Immune complexes were visualised with an enhanced chemiluminescence detection system (Amersham Bioscience, Amersham, Bucks, UK).
Measurement of intracellular reactive oxygen species generation
Hep3B cells were treated with 100 μg/ml BSA or AGE-BSA in the presence or absence of telmisartan for 24 h. Then the intracellular formation of reactive oxygen species (ROS) was measured using the fluorescent probe CM-H 2 DCFDA (Molecular Probes, Eugene, OR, USA) [5] .
Measurement of CRP Hep3B cells were treated with 100 μg/ml BSA or AGE-BSA in the presence or absence of telmisartan for 48 h. CRP contents in the medium were measured with a CRP ELISA kit (Assay Pro, Winfield, MO, USA) according to the manufacturer's instructions.
Statistical analysis
All values were presented as means±SEM. Statistical significance was evaluated using Student's t test for paired comparisons; p<0.05 was considered significant. The experiments were performed in triplicate or quadruplicate. We performed the same experiments three times.
Results
Effects of telmisartan on RAGE expression in Hep3B cells
RAGE is a signal-transducing receptor for AGE [1] . Therefore, we first examined the effect of telmisartan on RAGE expression in Hep3B cells. Telmisartan, but not another ARB, candesartan, dose-dependently decreased RAGE mRNA levels in Hep3B cells, which was blocked by GW9662, an inhibitor of PPAR-γ (Fig. 1a) . In addition, troglitazone and ciglitazone, full agonists of PPAR-γ, modestly, but significantly, suppressed RAGE mRNA levels in Hep3B cells, while GW9662 alone increased them. Moreover, telmisartan decreased RAGE protein levels in non-glycated BSA-or AGE-BSA-exposed Hep3B cells, Fig. 1 Effects of telmisartan on RAGE expression in Hep3B cells. a Relative gene expression levels of RAGE are shown. *p<0.05 compared with control. ##p<0.01 compared with 30 nmol/l telmisartan alone. b Hep3B cells were treated with 100 μg/ml BSA or AGE-BSA in the presence or absence of 30 nmol/l telmisartan or 500 nmol/l GW9662 for 24 h. Then, RAGE and PPAR-γ protein levels were analysed by western blots. The graph shows relative RAGE protein levels. Data were normalised with respect to the intensity of GAPDH signals and related to the value with BSA alone. *p<0.05 compared with AGE alone. #p<0.05 compared with BSA plus 30 nmol/l telmisartan. ##p<0.05 compared with AGE plus 30 nmol/l telmisartan. The experiments were performed in triplicate. Values are means±SEM from a representative test which was prevented by GW9662 (Fig. 1b) . We confirmed that telmisartan at 30 nmol/l for 48 h did not affect cell viability with a dye exclusion method (data not shown). Further, western blot analysis revealed that PPAR-γ was expressed in Hep3B cells (Fig. 1b) .
Effects of telmisartan on AGE-elicited ROS generation in Hep3B cells
We next examined whether telmisartan could inhibit the downstream signalling induced by AGE-RAGE. For this, we studied the effect of telmisartan on intracellular ROS generation in AGE-exposed Hep3B cells. As shown in Fig. 2a , telmisartan, but not candesartan, decreased the AGE-elicited ROS generation in a dose-dependent manner, which was blocked by GW9662. Polyclonal Abs (10 μg/ml) directed against AGE or 0.1% antiserum against RAGE, but not rabbit non-specific IgG Abs or serum, completely blocked the AGE-induced ROS generation (Fig. 2a) . In addition, troglitazone and ciglitazone modestly, but significantly, inhibited the ROS generation in AGE-exposed Hep3B cells. Since pre-incubation of AGE-containing media with 1 μg/ml polymyxin B, an inhibitor of endotoxin, for 3 min did not decrease the ROS generation in AGE-exposed Hep3B cells, it is unlikely that the effects of AGE are simply mediated by endotoxin. 
Effects of telmisartan on AGE-induced CRP gene expression in Hep3B cells
We further investigated whether telmisartan could inhibit the AGE-induced CRP expression in Hep3B cells. As shown in Fig. 2b , quantitative real-time RT-PCR analysis revealed that telmisartan, but not candesartan, dose-dependently decreased CRP mRNA levels in AGE-exposed Hep3B cells. GW9662 blocked the inhibitory effects of telmisartan on CRP mRNA levels. Further, troglitazone and ciglitazone modestly, but significantly, inhibited the AGE-induced upregulation of CRP mRNA levels. An antioxidant, N-acetylcysteine, a glutathione peroxidase mimic, ebselen, or an inhibitor of NADPH oxidase, diphenylene iodonium, blocked the AGE-induced upregulation of CRP mRNA levels in Hep3B cells as well (results not shown). These observations suggest that telmisartan could suppress the AGE-induced CRP gene induction in Hep3B cells through its antioxidative property via PPAR-γ activation. Although PPAR-γ full agonists had similar effects to telmisartan, partial agonist-specific effects may be involved in telmisartan's action because the magnitude of the effects of full agonists was lower than those of telmisartan. Further, since GW9662 alone slightly increased CRP mRNA levels, PPAR-γ may also regulate basal CRP gene expression in Hep3B cells. Telmisartan inhibited IL-6-induced CRP gene expression in Hep3B cells as well.
To elucidate the underlying mechanism for AGE-induced CRP gene induction, we investigated the involvement of the redox-sensitive transcriptional factor nuclear factor-κB (NF-κB) in AGE signalling. AGE increased NF-κB promoter activity in Hep3B cells by about 1.4-fold. Furthermore, curcumin, an inhibitor of NF-κB, decreased CRP mRNA levels in AGE-exposed Hep3B cells in a dose-dependent manner (Fig. 2c) . These observations suggest that the AGE-RAGE-mediated ROS generation may induce CRP gene expression through the transcriptional activation of NF-κB.
Effects of telmisartan on AGE-induced CRP protein expression in Hep3B cells
We next investigated whether telmisartan could inhibit the AGE-induced CRP expression in Hep3B cells. As shown in Fig. 2d , telmisartan dose-dependently inhibited the production of CRP by AGE-exposed Hep3B cells, which was blocked by GW9662. As in the case of CRP mRNA levels, GW9662 alone slightly, but significantly, increased CRP production in Hep3B cells.
Discussion
Recently, telmisartan has been shown to have a unique property that activates PPAR-γ [4, 7] . Since PPAR-γ influences gene expression involved in carbohydrate and lipid metabolism, and since ligands for PPAR-γ can improve insulin sensitivity, telmisartan could be a promising 'cardiometabolic sartan' that targets both diabetes and cardiovascular disease in patients with hypertension [7] . Indeed, a recent clinical report has shown that replacement of valsartan and candesartan by telmisartan improves insulin resistance and decreases CRP levels in hypertensive patients with type 2 diabetes [8] . In this study, we have extended these previous findings. We demonstrated here for the first time that 30 nmol/l telmisartan, but not candesartan, could block the AGE-elicited CRP induction in Hep3B cells by suppressing RAGE expression and subsequent ROS generation via PPAR-γ activation. Since 30 nmol/l ARBs cannot efficiently block the Ang II binding to type 1 receptor [5] and GW9662, an inhibitor of PPAR-γ, blocked the inhibitory effects of telmisartan on RAGE expression and its downstream signalling in Hep3B cells, our present study suggests a unique beneficial aspect of telmisartan-it may work as an anti-inflammatory agent against AGE by suppressing RAGE expression via PPAR-γ activation in the liver and may play a protective role in vascular injury in diabetes. The observation that telmisartan inhibited CRP gene expression in IL-6-exposed Hep3B cells (Fig. 2b ) was also consistent with the previous finding that PPAR-γ can function as a negative modulator of IL-6 signalling [9] .
Recently, PPAR-γ agonists have been reported to downregulate RAGE expression in endothelial cells and subsequently inhibit AGE-induced monocyte chemoattractant protein-1 expression, thus limiting the cells' susceptibility to pro-inflammatory AGE effects [10] . Telmisartan could directly modulate the development of vascular dysfunction in diabetic patients due to its unique PPAR-γ-modulating activity.
